The creation of metastable particle-like structures in frustrated (unwound) chiral nematic film containing light-absorbing additive is studied. It is shown that such localized structures can be generated by the thermo-optical action of a focused laser beam or arise spontaneously at a phase transition from an isotropic to a liquid crystal state. Observed axisymmetric patterns resemble cholesteric spherulites with toroidal double-twisted director-field configuration.
Introduction
Usually, the defects in solid crystals correspond to a violation of spatial location of ions or atoms in crystalline lattice. In contrast to ordinary crystals, the defects in liquid crystals are caused by uncertainty in the orientation of the director field, where the director indicates the average direction of the long axes of liquid crystal molecules. Liquid crystal defects can be optically visualized due to the far-field structures formed by them as a result of spatial elastic distortions of the director field.
Orientational nature of liquid-crystalline defects manifests itself in points, lines, and walls with different topological configurations [1, 2] . In chiral nematic or cholesteric liquid crystals (CLCs), which contain chiral molecules or consist of them, a diversity of orientational configurations can be realized [3] [4] [5] . Under certain conditions, the axisymmetric structures with complex internal structure known as cholesteric bubbles or spherulites may arise in unwound CLC films [6] . These structures possess a double-twisted director-field configuration looped into the torus.
Orientational structure of a CLC film placed between two substrates, which provide homeotropic anchoring conditions, usually depends on the ratio between the film thickness L and cholesteric pitch p 0 (the distance at which the director rotates on the angle 2π along the helical axis in unperturbed CLC) [7, 8] . At the ratio of L/p 0 << 1, the CLC is obviously indistinguishable from nematic. With a decrease in cholesteric pitch to L/p 0 1, unwound cholesteric state becomes unstable and fingerprint texture is formed [9] . In the limit of infinitely strong boundary conditions, the critical ratio of L/p 0 for the appearance of fingerprint texture can be found from a simple expression L/p 0 = K 3 /2K 2 , where K 2 and K 3 are the twist and bend elastic constants, respectively [10, 11] . The finger-like structures can be transformed into cholesteric bubbles under the action of the alternating current (AC) electric field applied to the LC cell [12, 13] . The spherulitic domains can also be formed in a uniform homeotropic state due to electrohydrodynamic instability [14] [15] [16] [17] or at cooling down from isotropic phase [18] . Moreover, it was shown that these structures possess some particle properties, i.e., there are repulsive and attractive interactions between them [15, 16] .
Of special interest is the optical generation of such localized patterns due to the possibility of spatial addressing that allows creating predefined arrays of the particle-like structures. The complex orientational domain can be induced by a unstructured (Gaussian) or structured (optical vortex) focused light beam [19] [20] [21] [22] [23] owing to the direct reorienting light action. In a number of comprehensive studies involving fluorescence confocal polarizing microscopy, different localized structures such as torons, skrymions and "finger loops" were generated [22] . Another approach lies in the generation of a particle-like structure in a photoactive CLC doped with photoresponsive chiral additive, when a focused light beam causes a decrease in the cholesteric pitch due to photochemical isomerization of dopant molecules [24, 25] . Despite the various mechanisms of complex structure formation, it was shown that the electrically generated cholesteric bubbles possess the same orientational ordering as optically generated torons [17, 21] . Toron-like structures can be also obtained in other spatially confined CLC systems, such as spherical shells [26] , droplets [27] [28] [29] , and microchannels [30] , as well as in CLC films containing colloid particles [31] .
Here, we present the thermo-optical generation of localized axisymmetric domains in frustrated CLC films doped with an azobenzene compound. The main idea is that the focused light beam causes the local heating, which leads to the formation of particle-like structures due to the distortions in the director field. This situation is compared with the generation of axisymmetric structures by a spatially uniform temperature variation throughout the CLC film.
Results

The Effect of Light Beam Exposure
The nonlinear optical response of CLC film (Sample 1) doped with 0.2 wt % of azobenzene dye (Methyl Red) was studied in comparison with a chiral nematic liquid crystal (NLC) containing the same 0.2 wt % of dye dopant (Sample 2). The initial alignment of LC films was the same and homeotropic in both samples. The samples were irradiated with a Gaussian light beam at normal incidence. The light wavelength of 532 nm lied within the dye absorption band. A detailed description of experimental setup and the samples under study is given in Section 4.
When the light beam power reached several milliwatts (the intensity on the light beam axis was about 10 W/cm 2 ), the light beam was broadened, and the "thermal" aberrational rings were formed in its cross-section ( Figure 1 (a1-a3,c1-c3)). The formation time of the aberrational pattern was about several milliseconds. This effect is caused by a decrease in order parameter due to the local heating under light beam exposure [32] . At the same time, we observed the nonzero intensity of light transmitted through the crossed polarizer at local heating of the CLC film ( Figure 1 (b1-b3)), whereas the polarization state of light passed through the NLC sample remained the same (Figure 1 (d1-d3)). This indicates the appearance of director filed distortions in the frustrated orientational structure of CLC film. The cross-like pattern (Figure 1 (b2,b3)) can be attributed to the axially symmetric director distortion due to a thermo-mechanical effect in frustrated CLC film theoretically predicted in the study [33] . Importantly, the light broadening and the director filed distortions were reversible in the samples, when the beam power was increased up to P = 3.1 mW and P = 3.5 mW for CLC and NLC, respectively. A further growth in the light beam power led to an abrupt increase in the light beam divergence ( Figure 1(a4,c4) ) due to the formation of an isotropic region that resulted in the the axially symmetric reorientation of a director field in the vicinity of this region [34] . In the nematic sample, a cross-like pattern similar to a conoscopic picture was observed at the light transmission through the crossed polarizer ( Figure 1(d4) ). Such intensity distribution usually corresponds to a radial deformation of director field. This type of a light-beam self-action has already been used for optical vortex generation caused by light interaction with dye-doped nematic film [35] . In the cholesteric sample, the light intensity distribution obtained at the locally induced phase transition is more complex (Figure 1 (b4)) than that for NLC film, but, with a further increase in the beam power, the intensity distributions in the case of nematic and cholesteric samples become similar ( Figure 1(b5,d5) ).
Once the isotropic region was formed in CLC film under the action of a light beam (corresponds to Figure 1(b4,b5) ), a further decrease in the light beam power to P = 0.6 mW led to a strong beam divergence accompanied by formation of a ring-shaped diffraction pattern within several tens of seconds (Figure 2a ). In contrast to this, a homogenous homeotropic orientation is restored in the NLC film after an isotropic-nematic transition. The illuminated area in the CLC sample was examined by polarized optical microscopy in the case of crossed ( Figure 2b ) and parallel (Figure 2c ) polarizers. The microscopic images of light-induced domain remained unchanged at the microscope table rotation, which indicates the axisymmetric distribution of the director field inside it. The obtained particle-like structure remains stable for at least four weeks. Such generation method of localized orientational domains allows one to obtain the predefined composite pattern by spatially addressed writing ( Figure 2d ).
Note that an increase in the light beam waist w 0 up to three times at the sample shifting out of the light beam focus along the optical axis results in the formation of the same particle-like structure. In the case of an increase in the light beam power of about five times, an isotropic area becomes larger in size, which results in several particle-like structures appearing.
The Effect of Uniform Thermal and AC Electric Fields
To verify the thermal origin of axisymmetric structures, we have investigated the temperature effect in LC films. To this end, the CLC film (Sample 1) was uniformly heated to 35 • C that corresponds to the nematic-to-isotropic phase transition for the undoped NLC and then cooled to room temperature with the rate 0.1 • C/min. During the cooling process, the dense packed domains with the axisymmetric orientational structure appeared spontaneously (Figure 3a) . These particle-like structures, as well as light-generated ones, were long-living at room temperature. Since similar orientational domains are formed in Sample 1 under the action of light beam, we assume the same thermal origin of the particle-like structures in both creation methods. Let us now consider the influence of electric field applied to the LC cell. Due to the positive dielectric anisotropy of 5CB liquid crystal, the electric field tends to rotate the director perpendicularly to the substrates, restoring the homeotropic anchoring of LC molecules. Indeed, we observed the reduction of the structure diameter with an increase in the applied voltage ( Figure 3 ). Each data point was measured after at least 20 min after changing the electric field voltage to ensure the equilibrium state of a structure. It is interesting to note that this plot is well approximated by linear dependence. At the certain critical value U cr = 0.63 V, the particle-like structures became unstable: their size was continuously reduced until they finally disappeared. No localized orientational domains or any other director field distortions were restored upon a subsequent voltage decrease. The same structural evolution under an AC electric field was observed in the case of thermo-optically generated domains.
Discussion
Summarizing the results obtained, we conclude that particle-like structures formed in the frustrated CLC under the focused beam exposure are originated from a light-induced phase transition. Our estimations show that the calculated threshold power of the light beam necessary for inducing the liquid crystal-isotropic phase transition is close to the experimental values under the assumption of heating caused by the absorption of light by the azobenzene dye (see Appendix A). The photoinduced cis-isomers of azobenzene dye molecules can additionally reduce the isotropization temperature; however, in this particular case, the effect of their presence is negligible due to low dye concentration 0.2 wt.%.
Here, we note that, at K 1 − 3(K 3 − K 2 ) < 0 (K i are splay, twist, and band elastic constants), a coexisting deformed state should exist below the critical ratio L/p 0 [10, 11] . This inequality is satisfied for elastic constants in the temperature range of the 5CB mesophase [36] , a basic material of a CLC sample. In other words, if the director deformation overcomes some critical value, the director field does not relax to a homogeneous state. We assume that this value is reached when an isotropic channel is formed, based on the fact that the polar angle of the director reaches ≈65 • at an LC-isotropic interface [37, 38] . We believe that these distortions of the director field are large enough to allow the formation of a metastable liquid crystal state upon gradual cooling of the isotropic area. The particle-like structure possesses a twisted director configuration formed due to the symmetry reason and interplay between chirality of CLC, its elasticity, anchoring conditions, and confinement.
The optical images of the generated axisymmetric structure resemble those taken for bubble domain [6] or toron [19] . The observed light diffraction pattern (Figure 2a ) is also similar to the patterns, obtained upon light propagation through a cholesteric bubble [14, 39, 40] . Based on this, we believe that thermo-optically induced domains possess a director field distribution similar to that of bubble domains [13] .
The suppression of the light-induced domain in electric field confirms the bulk origin of director reorientation, thus we conclude that no bulk-mediated photoaligment effect [41] occurs in our case. At the same time, azobenzene dopants are known to cause director reorientation in a bulk of liquid crystal [42] . As this effect can contribute to the director field distortion, perhaps it is the reason for a more pronounced far-field intensity distribution at higher light beam power (Figure 1(a5,d5) ). Our observation of the evolution of the cholesteric bubble diameter with an applied electric field is in good qualitative agreement with already reported experimental data obtained for various values of the confinement ratio L/p 0 [13] .
Another factor which may affect the formation of particle-like structure is a change in the cholesteric pitch p 0 at temperature variation. To analyze this possibility, we studied a sample of 5CB liquid crystal doped with higher concentration of chiral dopant (Sample 3). We found that p 0 decreases from 3.7 µm to 3.6 µm during the temperature rise up to the phase transition, i.e., the relative variation in cholesteric pitch value is less than 3%. Based on this, we assume that, in the case of Sample 1, with the same chiral dopant, the change in the cholesteric pitch p 0 caused by temperature is also small and cannot be the reason for the formation of an orientational domain.
The appearance of a number of particle-like structures with a spatially uniform temperature variation throughout the CLC film is most likely associated with the formation of many isotropic droplets in the LC phase upon cooling. Unlike spatially-addressed light-induced structures, these spherulite domains appear spontaneously and form a dense packed composite pattern.
In general, our experimental findings demonstrate a simple thermo-optical approach for addressed generation of localized twisted structures in a uniformly unwound CLC using a focused light beam with a low power level of the order of several milliwatts. Our approach compares favorably with the previously proposed optically triggered generation of localized structures in CLC films by supramolecular reorientation that requires at least 30-50 mW power budget to create a single structure [19] . Opto-molecular generation of particle-like structures in photoactive CLCs at an extremely low nanowatt power level has been shown [24] ; however, the formed twisted structures were unstable in time after the interruption of the laser beam irradiation and relaxed to the initial unwound CLC state [24, 25] . The addressed creation of defect structures in an unwound CLC film using electric field requires a patterned electrode design [43] , otherwise localized structures appear randomly [13] , similar to the cooling process from an isotropic LC state.
Materials and Methods
Sample Preparation
The cholesteric liquid-crystalline (LC) mixture (Sample 1) was composed of 5CB nematic liquid crystal, 0.025 wt % of chiral dopant Benzoic Acid (BA), 4-(trans-4-pentylcyclohexyl)-1,1 -[(1(S)(+))-1-phenyl-1,2-ethanediyl] ester (Synthon Chemicals), and 0.2 wt % of Methyl Red azobenzene dye (Aldrich). The nematic LC mixture (Sample 2) was composed of 5CB liquid crystal doped with 0.2 wt % of Methyl Red azobenzene dye (Aldrich). To prepare the LC mixtures, the compounds were dissolved and mixed in chloroform with subsequent evaporation of the solvent. The cholesteric pitch for the Sample 1 measured by the Grandjean-Cano method was p 0 = 113 µm.
We assume that the elastic constants of Sample 1 are close to those of 5CB liquid crystal due to low dopant concentrations. According to the study [36] , the constants of splay, twist, and bend deformations are equal to K 1 = 6.2 pN, K 2 = 3.8 pN, K 3 = 8.5 pN at T = 25 • C and K 1 = 2.4 pN, K 2 = 1.3 pN, K 3 = 2.9 pN at T= 34.5 • C.
The LC cells were made of two glass substrates with indium tin oxide (ITO) coating. For homeotropic anchoring conditions, the glass substrates were treated by chromium stearyl chloride with a subsequent annealing for 1 h at 95 • C. The substrates were separated by teflon spacers, so that the cell thickness was L = 86 ± 2 µm (L/p 0 = 0.76). The absorption coefficients of Sample 1 and Sample 2 at the wavelength λ = 532 nm were measured using MC-122 spectrophotometer (Proscan Special Instruments, Belarus) and equals α 1 = 213 cm −1 and α 2 = 225 cm −1 , respectively.
The critical thickness, at which finger-like cholesteric structures appear in Sample 1, is L cr ≈ 99 µm (or, L cr /p 0 = 0.88). It was determined by using a wedge LC cell with homeotropic anchoring conditions (the wedge angle is γ = 5.5 · 10 −3 rad).
The investigation of p 0 (T) dependence was performed for 5CB nematic liquid crystal doped with 0.4 wt % of BA in a wedge cell with polyimide treated substrates providing planar anchoring conditions (Sample 3).
Optical Setup
The light beam from a continuous-wave solid-state laser (Integrated Optics) with the wavelength λ = 532 nm and linear (horizontal) polarization (E) passed through a neutral density filter and was focused on the sample at normal incidence conditions. The beam waist radius was measured to be w 0 = 71 ± 2 µm at the intensity level of 1/e 2 . In some measurements, the analyzing polarizer (A) with vertical propagation direction was installed after the sample. Far field diffraction patterns formed on a semi-transparent screen behind the sample were recorded by a USB-camera. The experiments were carried out at room temperature (T = 24-26 • C).
Optical Microscopy
Polarized optical microscopy was carried out using an Eclipse LV100N Pol microscope (Nikon, Japan) equipped with a heating stage (Linkam Scientific, United Kingdom) and a USB camera. To avoid the influence of backlight illumination from the built-in halogen lamp, a ZhS-17 yellow filter was used.
A sinusoidal electric field from a signal generator with a frequency of f = 1 kHz was applied to ITO-coated cell substrates, when necessary.
Conclusions
We have studied the light-induced generation of axisymmetric particle-like structures in an unwound CLC doped with the light-absorbing dye. It is shown that such structures can be generated by local heating under the action of a focused light beam, which leads to the formation of a local isotropic region and, as a result, to the orientation distortion in the initially uniform homeotropic film. The cooling of this region in the presence of the orientation distortions leads to the formation of an axisymmetric domain with twisted director field configuration.
A spatially addressed writing of predefined composite patterns consisting of a number of particle-like structures is also demonstrated. A similar pattern, but without a predefined spatial distribution of particle-like structures, can appear spontaneously when the entire sample is cooled from an isotropic state. The size of particle-like structures can be controlled by an AC electric field. In comparison with previously described generation methods of particle-like metastable structures, the main advantage is the possibility of metastable structure formation under the local action low-intensity light beams.
The main advantage of the thermo-optical approach is the on-demand generation of localized particle-like structures by a light beam with a power level of only a few milliwatts. The formed twisted domains remain stable for at least several weeks after the interruption of the light beam expose. The presented method can find its application in the development of tunable optical elements for photonics applications, such as micro-lenses [39] and beam mode converters [44] . Acknowledgments: S.S. is grateful to Anatoly V. Kaznacheev for fruitful discussions.
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The following abbreviations are used in this manuscript:
CLC Cholesteric liquid crystal NLC Nematic liquid crystal LC
Liquid crystalline BA Benzoic Acid ITO Indium tin oxide
Appendix A
Let us estimate the optical threshold power P th required for the heating an absorbing liquid crystalline mixture from an ambient temperature T to the nematic-isotropic transition point T N I = 35 • C. According to [45] , for the Gaussian beam, this threshold can be calculated as follows:
where A = 1 − exp(−α ⊥ L), w = w 0 / √ 2, κ ⊥ is the perpendicular component of the heat conductivity tensor, and f (w/L) is a function calculated in the study [45] . Under our experimental conditions, the ratio of w/L equals 0.58, and the corresponding value f (w/L) is 0.23 (according to [45] ). At the ambient temperature T = 25 • C, κ ⊥ equals 1.3 mW/(cm· • C) [46] . In this case, Equation (1) yields P th = 2.1 mW.
This value is somewhat smaller than the obrained experimental values P th = 3.1 mW and P th = 3.5 mW for CLC and NLC, respectively, that we obtained. However, the calculation according to the model presented in [45] gives us a reasonable result. The difference with experiments may be due to several reasons. One of them is the light-induced conversion of trans-isomers to the metastable cis-form that may cause a decrease in the absorption coefficient of the LC film. Another reason is an increase in the absorption of trans-isomers in LC matrix owing to decreasing their order parameter with temperature increase.
